AD-A230  315 


AD 


TECHNICAL  REPORT  ARCC8-TR-90032 


UNUSUALLY  HIGH  FRACTURE  TOUGHNESS 
OF  ASTM  A723  STEEL  FROM  A  MIXED 
MARTENSITE/BAINITE  MICROSTRUCTURE 


J.  A.  KAPP  L  MEISEL 

J.  BARRANCO  P.  J.  COTE 


R.  N.  WRIGHT 


NOVEMBER  1990 


US  ARMY  ARMAMENT  RESEARCH, 
DEVELOPMENT  AND  EN6INEERIN*  CENTER 

CLOSE  COMBAT  ARMAMENTS  CENTER 
BEN^T  LABORATORIES 
WATERVLIET,  N.T.  12180-4050 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


0l~l 


3  “  008 


DISCLAIMER 


The  findings  in  this  report  ere  not  to  be  construed  as  an  official 
Department  of  the  Army  position  vnless  so  designated  by  other  authorized 
documents . 

The  use  of  trade  name(s)  and/or  manufacture^ s)  does  not  constitute 
an  official  indorsement  or  approval. 

DESTRUCTION  NOTICE 

For  classified  documents,  follow  the  procedures  in  DoD  S200.22-M, 
Industrial  Security  Manual,  Section  11-19  or  DoD  5200. 1-R,  Information 
Security  Program  Regulation,  Chapter  IX. 

For  unclassified,  limited  documents,  destroy  by  any  method  that  will 
prevent  disclosure  of  contents  or  reconst ruction  of  the  document. 

For  unclassified,  unlimited  documents,  destroy  when  the  report  is 
no  longer  needed.  Do  not  return  it  to  the  originator. 


SECURITY  CLASSIFICATION  OP  THIS  PAOE  fWi«n  Dm •  BntmrmO 


REPORT  DOCUMENTATION  PAGE 

READ  instructions 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER  Z.  OOVT  ACCESSION  NO. 

ARCCB-TR-90032 

t.  RECIPIENT*!  CATALOO  NUMBER 

4.  TITLE  f«n<  SubtiU*) 

UNUSUALLY  HIGH  FRACTURE  TOUGHNESS  OF  ASTM  A723 
STEEL  FROM  A  MIXED  MARTENSITE/BAINITE 
MICROSTRUCTURE 

Final 

«.  PERPORNINO  ORO.  REPORT  NUM.ER 

7.  author^*; 

J.A.  Kapp,  J.  Barranco,  L.  Meisel,  P.J.  Cote, 
and  R.N.  Wright  (See  reverse) 

FT  CONTRACT  OR  ORANT  NUMSCRfAl 

••  perpornino  oroanization  name  ano  aoorcss 

U .  S .  Amy  ARDEC 

Benet  Laboratories,  SMCAR-CCB-TL 

Watervliet,  NY  12189-4050 

to.  prooram  clement,  project,  task 

AMCMS  No.  6 111. 02. H6 10. 011 

PRDN  NO.  1A05Z0CANMSC 

1 1.  CONTROLLING  OPPlCC  NAME  ANO  AOORCSS 

U.S.  Army  ARDEC 

Close  Combat  Armaments  Center 

Picrtinny  Arsenal,  NJ  07806-5000 

IZ.  REPORT  oati 

November  1990 

11.  NUMBER  OP  PAOES 

10 

14.  MONITORING  AOENCy  NAME  A  AOORESS<7f  Sflmii  from  CmtnlUni  Ottlm) 

If.  SECURITY  CLASS,  (a!  Oil*  tan otl) 

UNCLASSIFIED 

is*.  oeclassipiCaTion/oownoraoino 
SCHEDULE 

U.  OlSTMSUTlO*  fTATCMKNT  (pi  this  JUpot) 

Approved  for  public  release;  distribution  unlimited. 

17.  OISTRieuTION  STATEMENT  (•<  U>»  attract  mtlnend  In  Btnnk  JO,  II  mttnrmi  bam  K*n»n) 

IS.  SUPPLEMENTARY  NOTES 

/  ,  ■.  ■'  '> 

V  ,  •  • 

If.'  KEY  WORDS  (Cmtllmtm  an  nmvaa  •!.  II  naeaaaarr  m*  IbmHIty  bf  hint*  numbar) 

^“Fracture  Behavior  /  ~  e  '  C  ■  ■ 

«.  ftigh  Strength- High  Toughness  Steels, 

Martensite  / 

Bainite  ,  .  -  ,  c‘  ' 

/  : 

Toughening  Mechanisms 

'j  A  mixed  martensite/bainite  microstructure  in  the  high  strength-low  alloy 

steel  (ASTM  A723  pressure  vessel  steel)  can  be  obtained  by  quenching  from  the 
austenitizing  temperature  to  below  1^,  but  above  Mf,  and  isothermally  holding. 

As  the  supercooled  austenite  cools  below  M^,  some  martensite  is  formed  and  the 
isothermal  hold  results  in  the  remainder  of  the  untrans formed  austenite  trans¬ 
forming  to  bainite.  The  resulting  microstructure  may  be  very  fine  depending  on 
the  prior  austenite  grain  size.  Since  the  martensite  is  formed  first,  the 
_ _ _  (CONT1  D  ON  REVERSE) _ J _ 

00,:2TnM73  COITION  OP  >  NOV  ••  IS  0— QUITE 


UNCLASSIFIED 


✓ 


security  classification  op  this  page  c 


Dm  InimD 


UCU41TV  CLAMiriCA7ION  OF  THU  PAGinWti  Dmm  hm«) 


TABLE  OF  CONTENTS 

Page 


INTRODUCTION  .  1 

EXPERIMENTAL  PROCEDURE  .  1 

RESULTS  AND  DISCUSSION  .  2 

CONCLUSIONS  .  4 


LIST  OF  ILLUSTRATIONS 


1.  Various  heat  treatments  possible  with  ASTM  A723 


pressure  vessel  steel  .  5 

2.  Toughness  as  a  function  of  bainite  amount  .  5 

3.  Strength-toughness  comparisons  .  6 

4.  effects  of  tempering  on  toughness  .  7 

5.  Effects  of  tempering  on  properties  .  8 

6.  Hardness  of  A723  steel  austenitized  at 

830#C  (1526®F)  and  heat  treated  .  9 


Accession  For 

NTIS  GRA4I 
DTIC  TAB 
Unannounced 
Jurtlflcat ion_ 


By - 

Distribute  -;n/ 


Availability  Codes 


Avail  and/or 

Dlst 

Special 

1 

M 

1 

1 

i 

i 


INTRODUCTION 


It  has  generally  been  assumed  that  the  optimum  strength-toughness  proper¬ 
ties  for  ASTM  A723  pressure  vessel  steel  (gun  steel)  were  obtained  with  a  tem¬ 
pered  martensite  microstructur-i.  To  the  authors'  knowledge,  no  heat  treating 
experiments  below  Ms  have  been  performed  on  this  material.  This  report  outlines 
the  results  of  some  experimental  work. 

The  heat  treatment  is  shown  in  Figure  1.  The  steel  is  raised  to  its 
austenitizing  temperature  and  quenched  to  a  temperature  below  its  Ms  temoerature 
but  above  its  Mf  temperature.  This  results  in  an  incomplete  martensite  trans¬ 
formation  of  the  supercooled  austenite.  The  remainder  of  the  austenite  then 
transforms  to  lower  bainite  upon  the  ensuing  isothermal  hold  treatment.  Since 
the  martensite  is  formed  first,  the  bainite  forms  between  the  martensite  needles 
resulting  in  a  very  fine  alternating  microstructure  of  martensite  needles  with 
lower  bainite  in  between.  This  is  essentially  a  composite  microstructure.  The 
resulting  toughness  properties  from  this  heat  treatment  are  shown  in  Figure  2. 

It  is  clear  from  this  figure  that  some  unusual  toughness  properties  can  be 
obtained.  These  data  were  obtained  in  the  FY87  program.  The  effects  of  tem¬ 
pering  on  the  mixed  microstructure,  as  well  as  the  establishment  of  strength- 
toughness  relationships,  were  studied  in  the  FY88  program. 

EXPERIMENTAL  PROCEDURE 

We  wish  to  determine  the  strength-toughness  relationship  for  a  mixed 
microstructure  of  martensite  and  bainite  with  the  martensite  produced  first. 

This  can  be  accomplished  by  producing  the  microstructure  with  the  isothermal 
hold  heat  treatment  below  Ms,  shown  in  Figure  1,  and  tempering  at  various  tem¬ 
peratures  to  change  strength.  The  specific  treatment  chosen  was  austenitizing 
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at  830*C  and  isothermal  holding  at  250*C.  This  resulted  in  a  microstructure  of 
33  percent  martensite  and  67  percent  bainite  that  previously  resulted  in  the 
highest  fracture  toughness  (Figure  2).  The  tempering  temperatures  studied  were 
25#C  (no  temper),  260*0,  370*C,  480*C,  590*C,  and  700*C.  In  addition,  the 
effects  of  tempering  on  an  all-bainite  microstructure  produced  with  austen¬ 
itizing  at  830*0  and  isothermal  holding  at  300*0  (austempering  in  Figure  1)  were 
studied  to  determine  if  a  relationship  existed  between  the  properties  of  the 
bainite  constituent  and  the  properties  of  the  mixed  microstructure. 

RESULTS  AND  DISCUSSION 

The  strength-toughness  properties  of  all  the  mixed  microstructures  pro¬ 
duced  are  shown  in  Figure  3.  Also  plotted  in  Figure  3  is  the  range  of  the  pre¬ 
viously  measured  strength- toughness  relationship  for  an  al 1 -martensite 
microstructure  for  ASTM  A723  steel.  As  shown  in  the  figure,  the  properties 
obtained  with  an  al 1 -martensite  microstructure  (the  filled  squares  and  the  Xs) 
overlap  the  band  of  the  previously  observed  results.  Furthermore,  it  is 
apparent  that  the  mixed  microstructure  (open  diamonds)  will  produce  equal  or 
superior  properties.  Thus,  we  have  somewhat  expanded  the  envelope  of  attainable 
properties  with  the  mixed  martensite/bainite  microstructure. 

The  effects  of  tempering  on  the  mixed  martensite/bainite  microstructure  are 
shown  in  the  strength-toughness  plot  in  Figure  4.  The  range  of  properties 
observed  with  an  all-martensite  microstructure  is  plotted  again  for  reference. 
The  data  that  are  outside  the  box  at  170  Ksi  ultimate  tensile  strength  are  the 
measurements  obtained  in  FY87  and  repeated  in  FY88.  Unfortunately,  it  is  clear 
that  the  effect  of  tempering  at  different  temperatures  to  produce  a  higher 
strength  material  is  to  decrease  toughness  to  the  point  that  the  resultant 
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strength-toughness  relationship  is  no  Better  than,  or  even  worse  than,  the  all- 
martensite  microstructure. 

These  results  are  also  presented  as  the  overlay  p^ot  of  strength  or 
toughness  versus  tempering  temperature  shown  in  Figure  5.  In  this  plot,  the 
basic  trend  from  tempering  is  as  expected.  Referring  to  ultimate  tensile 
strength  (the  filled  diamonds),  increasing  the  tempering  temperature  gradually 
decreases  the  strength  to  about  590*C  tempering  temperature.  At  700°C,  there 
.-ust  be  some  secondary  hardening  phenomenon  taking  place.  However,  that 
discussion  is  beyond  the  scope  of  this  report.  The  proper  trend  is  also 
observed  with  the  fracture  toughness  results  (the  open  diamonds).  As  tempering 
temperature  is  increased,  the  toughness  gradually  increases,  but  at  590®C  the 
toughness  increases  dramatically.  Also  shown  in  Figure  5  are  the  effects  of 
tempering  on  an  all-bainite  microstructure.  At  low  temperature  tempers,  the 
toughness  of  all-bainite  is  essentially  the  same  as  the  toughness  of  the  mix¬ 
ture.  At  480*C,  the  mixed  microstructure  is  somewhat  above  the  all-bainite 
properties,  and  at  590*C  the  mixed  microstructure  gives  properties  significantly 
above  the  all-bainite  microstructure.  This  suggests  that  with  low  temperature 
tempering,  the  toughness  properties  of  the  mixed  microstructure  are  controlled 
by  the  properties  of  the  bainite.  At  higher  tempering  temperatures,  some  other 
property  must  control  the  properties  of  the  mixture. 

Figure  6  demonstrates  which  property  may  control  the  toughness  properties  by 
showing  the  effects  of  tempering  on  the  hardness  of  an  all-martensite  and  an 
all-bainite  microstructure.  This  figure  also  compares  the  effects  of  tempering 
on  the  hardness  of  the  mixed  microstructure.  At  tempering  temperatures  below 
about  700*F  (370*C),  bainite  does  not  temper,-  the  hardness  remains  constant.  In 
the  same  tempering  temperature  range,  martensite  and  the  mixed  microstructure 
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will  gradually  soften.  However,  the  hardness  of  the  mixed  microstructure  cannot 
be  determined  from  a  knowledge  of  the  properties  of  the  two  constituents.  This 
suggests  that  under  these  conditions,  there  must  be  a  different  mechanism 
controlling  the  hardness  of  the  mixed  microstructure  and  the  hardness  of  the  two 
constituents.  Weak  bonding  of  the  martensite/bainite  interfaces  may  be  the 
culprit.  Tempering  above  700*F  (370*C)  does  indeed  temper  the  bainite,  and  the 
change  in  the  hardness  of  the  bainite  between  700*F  (370#C)  and  900*F  (480*C)  is 
significant.  There  is  also  a  much  larger  relative  change  in  hardness  in  an  all- 
martensite  microstructure  between  these  two  tempering  temperatures.  At  the  same 
tempering  temperature  range  (above  900°F  (480#C)),  the  hardness  of  the  mixed 
microstructure  falls  between  the  hardness  of  the  two  constituents,  suggesting 
that  the  same  mechanism  is  controlling  the  hardness  in  all  three  cases.  It  is 
also  interesting  to  note  from  Figure  5  that  tempering  at  480*C  results  in  the 
mixture  having  a  greater  toughness  than  the  all-bainite  microstructure.  This 
suggests  that  for  increased  toughness  (as  compared  with  an  all-bainite 
microstructure),  the  bainite  must  be  tempered. 

CONCLUSIONS 

The  results  of  the  FY88  program  have  clearly  demonstrated  that  it  is 
possible  to  produce  a  mixed  microstructure  in  ASTM  A723  steel  with  superior 
strength  and  toughness  relative  to  an  all-martensite  microstructure.  The  effect 
of  tempering  this  microstructure  is  that  the  strength  and  toughness  will  be 
comparable  to  the  properties  of  an  all-martensite  microstructure.  To  obtain 
superior  properties,  the  microstructure  must  be  tempered  near  600*C. 
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TEMPERATURE 


All  Bainite  (Aos  tempering) 


XX  Bainite  (IOO-X)X  Martensite 


All  Martensite 
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Figure  l.  Various  heat  treatments  possible  with  ASTM  A723 
pressure  vessel  steel. 


Figure  2.  Toughness  as  a  function  of  bainite  amount. 
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Figure  3.  Strength- toughness  comparisons. 
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Figure  4.  tffects  of  tempering  on  touyhuesb . 
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HARDNESS  OF  A723  STEEL  AUSTENITIZED  AT 
830*C(I526*F)  AND  HEAT  TREATED  AS  SHOWN 

-100%  MARTENSITE -QUENCHED  AND  TEMPERED 

-100%  BAINITE,  HELD  AT  30Crc  2-1 M  HR.,  "  "  ' 

-  66%  BAINITE,  HELD  AT  250*C  2-1/4  HR,  *  *  * 

-  25%  BAINITE,  HELD  AT  2I0*C  2- 1/4  HR.,  * 
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